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ABSTRACT 

MICROSCOPY WITH WAVELENGTH-DI SPERS I VE X-RAY ANALYSIS 

I l l i n o i s  No. 6. Pi t t sbu rgh  No. 8, and Dietz  No. 1 and 2 coals  were analyzed 
d i r e c t l y  f o r  organic  oxygen content by us ing scanning e l e c t r o n  microscopy and wave- 
length-d ispers ive x-ray analysis. The technique i s  a modi f ied extens ion o f  a meth- 
od prev ious ly  developed fo r  t h e  d i r e c t  determinat ion o f  organic s u l f u r  i n  coal .  To 
assure s t a t i s t i c a l  v a l i d i t y ,  12 p a r t i c l e s  were analyzed f o r  each coal  a t  two d i f -  
f e r e n t  p o i n t s  per p a r t i c l e .  Mean organic oxygen values were obtained, as we l l  as 
i n t e r -  and i n t r a - p a r t i c l e  v a r i a t i o n s  i n  t h e  oxygen content. 
organic  oxygen obtained by t h i s  technique agreed favo rab ly  w i t h  values ca l cu la ted  
from prev ious ly  obta ined data by prompt neutron a c t i v a t i o n  analys is  and by t h e  
i n d i r e c t  ASM method. 

The mean values f o r  

INTRODUCTION 

The organic oxygen content o f  coal i s  an important parameter i n  coal  charac- 
t e r i z a t i o n  and u t i l i z a t i o n  and i s  a pa r t  of r o u t i n e  coal analyses. I t  must be 
known i n  order t o  perform some of t he  process ca l cu la t i ons  for  coal combustion and 
var ious coal conversion technologies such as l i q u e f a c t i o n  and g a s i f i c a t i o n  (1). 
The organic oxygen content  o f  coal i s  genera l l y  determined by ASTM Method 3176, the  
Standard Method f o r  Ul t imate Analysis o f  Coal and Coke (2) .  I n  t h i s  method, oxygen 
i s  the  o n l y  element comprising the  organic  coal ma t r i x  which i s  not  determined 
d i r e c t l y .  Rather, i t  i s  determined by d i f ference from the  u l t ima te  analysis, using 
t h e  equation: 

9LO = 100 - (XC + XH +%N + %S + X ash) Eq. 1 

Thus, t he  accuracy of t h i s  i n d i r e c t  oxygen determinat ion s u f f e r s  from cumula- 
t i v e  e r ro rs  i nhe ren t  i n  the  a n a l y t i c a l  methods used f o r  each o f  the  o the r  elements. 
In addit ion, i t  i s  dependent on the  ash content which i s  obtained by heat ing the  
coal  at about 700'C f o r  one hour; but  s ince the ash produced at these temperatures 
i s  not d i r e c t l y  r e l a t a b l e  t o  the  o r i g i n a l  mineral mat ter  i n  the  coal, another 
source of e r r o r  i s  thereby in t roduced i n t o  the  oxygen determination. 

t h e  ash-forming minera l  matter, t he  d e f i n i t i o n  of "ash" used i n  Eq. 1 becomes a 
problem. 

Although va r ious  methods f o r  determining oxygen i n  coal  d i r e c t l y  have been 
employed, i n c l u d i n g  neutron a c t i v a t i o n  analys is  (NAA) and o x i d a t i v e  or reduc t i ve  
techniques, analyses by these methods i nc lude  a l l  or some of the inorganic  oxygen. 
Therefore, coal demine ra l i za t i on  or co r rec t i ons  f o r  inorganic  oxygen must be per- 
formed I n  order t o  o b t a i n  the  organic oxygen content. 

'Ames Laboratory i s  operated f o r  t h e  U.S. Department o f  Energy by Iowa State Uni- 

Furthermore, i f  the  coal has been subjected t o  chemical treatment which a l t e r s  

v e r s i t y  under Contract No. W-7405-Eng-82. 
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I n  t h i s  study, t he  f e a s i b i l i t y  was explored f o r  using a scanning e l e c t r o n  
microscope (SEM) i n  conjunct ion with energy- and wavelength-dispersive x- ray anal- 
y s i s  (EDX and WDX. r espec t i ve l y )  t o  determine the  organic oxygen content o f  coal 
d i r e c t l y .  The technique i s  s i m i l a r  t o  methods used p rev ious l y  f o r  the d i r e c t  de- 
terminat ion o f  organic s u l f u r  l e v e l s  i n  coals (3-8). In one such technique, a 
transmission e lec t ron  microscope was used t o  q u a n t i f y  t h e  s u l f u r  content o f  the 
organic coal ma t r i x  (3). 
organic s u l f u r  i n  coal (4. 5). I n  one o f  those studies, the organic oxygen content 
o f  various macerals i n  a Kentucky No. 3 coal also was determined (5). By knowing 
t h e  petrographic composit ion o f  the coal and the average organic oxygen content o f  
each maceral examined, a weighted average was used t o  ob ta in  an oxygen concentra- 
t i o n  f o r  the organic ma t r i x  as a whole. The organic oxygen concentrat ion thus ob- 
ta ined was i n  good agreement w i t h  the  concentrat ion obtained by the  i n d i r e c t  ASTM 
procedure. 

A t h i r d  method used scanning e lec t ron  microscopy coupled w i t h  energy-dispers- 
i v e  x-ray analys is  (SEM-EDX) t o  ob ta in  organic s u l f u r  l e v e l s  i n  raw and chemical ly  
desul fur ized coals  (6-8). I n  t w o  o f  t he  s tud ies using the  SEM-EDX technique. min- 
e r a l  por t ions o f  the coal were avoided by l o c a t i n g  organic maceral components o f  
coal using 5ODOx magn i f i ca t i on  wi th  the SEM and by moni tor ing the  l e v e l s  o f  Fe, Ca, 
A l ,  and S i  (6, 7). Su l fu r  values which were obtained on ly  f o r  those areas where 
the  other  elements were not detected were assumed t o  be associated w i th  the  organic  
p o r t i o n  o f  the coal. Analyses were usua l l y  performed on 12 v i t r i n i t e  p a r t i c l e s  by 
examining at l e a s t  t w o  po in ts  ( w i t h  volumes o f  2-3 microns i n  diameter) per p a r t i -  
c l e .  This was s u f f i c i e n t  t o  obta in  data w i t h  a p r e c i s i o n  o f  * lo% ( r e l a t i v e )  f o r  
organic s u l f u r  l eve l s .  The r e s u l t s  were comparable t o  those obtained by the  c m o n  
i n d i r e c t  ASTM method. 

I n  our study. a s i m i l a r  SEM technique was used t o  determine organic oxygen 
l e v e l s  i n  coal along w i t h  i n t e r -  and i n t r a - p a r t i c l e  va r ia t i ons .  Organic oxygen 
values obtained by t h i s  technique were compared t o  values obtained by the i n d i r e c t  
ASTM procedure and by neutron a c t i v a t i o n  analysis. 

Other s tud ies used an e l e c t r o n  microprobe t o  determine 

EXPERIMENTAL 

Channel samples o f  I l l i n o i s  No. 6 (Captain Mine, Percy, I l l i n o i s ) ,  P i t t sbu rgh  
No. 8 (Grafton Mine, Churchv i l le .  West V i rg in ia ) .  and Dietz  No. 1 and No. 2 (Decker 
Mine, Decker, Montana) coals  were powdered, dried, and subsequently mounted i n  
one-inch p e l l e t s  o f  epoxy. 
sect ion w i th  s i l i c o n  carbide sandpaper and alumina. they were coated w i t h  approxi- 
mate ly  50 A o f  carbon by evaporation i n  order t o  prov ide a conductive surface. 

A JEOL (Japan Elect ron Opt ics Laboratory) model JSM-U3 scanning e l e c t r o n  m i -  
croscope (SEM) was used i n  conjunct ion w i t h  a Microspec WDX-ZA wavelength-disper- 
s i v e  x-ray analys is  systen t o  perform q u a n t i t a t i v e  oxygen determinations on t he  
coals. 
it could not be detected by the  EDX system, being an element o f  low atomic nunber. 

Samples were examined i n  the  SEM w i t h  an accelerat in! vo l tage o f  15 kV and a 
cu r ren t  o f  about 30 nA w i t h  an x-ray take o f f  angle o f  25 . 
s t a b i l i z e  f o r  15 t o  30 minutes a f t e r  sample changes before c o l l e c t i n g  x-ray i n ten -  
s i t i e s .  A 
square r a s t e r  was used f o r  t h e  analyses instead o f  the t r a d i t i o n a l  spot mode due t o  
t h e  high beam currents  used. P r i o r  t o  analys is ,  minera l  po r t i ons  o f  the coal  were 
avoided by examining the s m p l e  v l s u a l l y  a t  a magn i f i ca t i on  o f  5000x I n  the SEM. 
Energy-dispersive x-ray analys is  (EDX) was then performed w i t h  a KEVEX S i ( L i )  

A f t e r  po l i sh ing  the  mounted samples t o  a smooth cross 

Oxygen was determined by wavelength-dispersive x-ray analys is  (WOX) because 

The SEM was al lowed t o  

X-ray data were c o l l e c t e d  from square sample areas o f  20 r m  on a side. 
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detector  and a Tracor Northern Model TN-2000 energy-dispersive x-ray analys is  sys- 
tem t o  monitor the p a r t i c l e s  f o r  A l ,  Ca. Fe, and S i .  The absence o f  these elements 
ensured t h a t  minera l  i nc lus ions  were excluded f r a n  the  sampled areas. Since oxygen 
was determined by WDX o n l y  when s i g n i f i c a n t  l e v e l s  o f  t h e  elements screened by EDX 
were absent, t h e  oxygen was assumed t o  be associated w i t h  t h e  organic ma t r i x .  

Because organic  s u l f u r  and small amounts o f  A l .  S i ,  Ca, and Fe were present i n  
t h e  analyzed p a r t i c l e s ,  EDX spect ra f o r  a s e t  o f  standards con ta in ing  these e le -  
ments were c o l l e c t e d  p r i o r  t o  analyzing the coal. S i l i c a  (SiO,) was chosen f o r  t h e  
oxygen standard s ince  organic  compounds which were tes ted  d i d  not hold up we l l  
under the e l e c t r o n  bean. Organic compounds which were tes ted  f o r  use as a standard 
inc luded urea, ace tan i l i de ,  and c i t r i c  acid. A f t e r  analyzing a coal  f o r  organic 
oxygen content, one o f  t h e  inorganic  standards f o r  t he  o the r  elements was run f o r  a 
second t ime t o  make sure t h a t  no s i g n i f i c a n t  d r i f t  i n  beam cu r ren t  occurred. 

In t h i s  study, no attempt was made t o  d i s t i n g u i s h  between d i f f e r e n t  maceral 
types.  Two p o i n t s  w i t h i n  each o f  12 p a r t i c l e s  were analyzed f o r  each coal. EDX 
spect ra and t o t a l  oxygen counts obtained by WDX were each c o l l e c t e d  f o r  30 seconds. 
The t o t a l  oxygen i n t e n s i t y  was then t rans fe r red  t o  the EDX u n i t  f o r  data reduction. 
The Tracor Northern progran Super ML was used t o  re ference t h e  coal spect ra against 
t h e  standards, wh i l e  the Tracor Northern W co r rec t i on  program was used t o  co r rec t  
f o r  atomic nmber,  absorption, and f luorescence m a t r i x  e f f e c t s .  I n  add i t i on  t o  
mean organic oxygen concentrat ions, i n t e r -  and i n t r a - p a r t i c l e  v a r i a t i o n s  i n  oxygen 
content  were obtained. 

RESULTS AND DISCUSSION 

Average organic  oxygen concentrat ions obtained by SEM-WDX on each o f  the coals  
a re  shown i n  Table 1. For comparative purposes, data obtained p rev ious l y  by neu- 
t r o n  a c t i v a t i o n  ana lys i s  (NAA) and by t h e  i n d i r e c t  ASTM procedure are a lso in- 
cluded. 

Table 1. Organic Oxygen Content o f  I l l i n o i s .  P i t tsburgh,  and D ie tz  Coals.1 

Coal 

Ana ly t i ca l  Procedure I l l i n o i s  #6 Pi t t sbu rgh  #8 Die tz  #1 .5 2 

SEM-WDX 11.94 11.55 16.67 
ASTM 9.44 8.07 20.67 
NAA2 10.67 7.85 22.70 

1 Values are i n  X on a d r y  mineral mat ter  f r e e  basis. * Organic oxygen content was obtained from t o t a l  oxygen values by est imat ing 
- the  ino rgan ic  oxygen concentrat ion and sub t rac t i ng  fran t o t a l  oxygen, as 

discussed i n  tex t .  

The SEM values represent  averages f o r  t h e  24 sanpled areas f o r  each coal; ASTM 
and NAA da ta  represent  averages o f  dup l i ca te  determinations. Only t o t a l  oxygen 
values were a v a i l a b l e  i n  t h e  o r i g i n a l  NAA data. 
t h e  raw da ta  obta ined by NAA were used t o  est imate organic oxygen concentrat ions 
(shown i n  Table 1 )  b y  sub t rac t i ng  inorganic  oxygen l e v e l s  from the  t o t a l  oxygen 
leve ls .  
f i r s t  using a mod i f i ed  Parr formula (9) t o  approximate t h e  minera l  mat ter  content 

For comparison on the same basis, 

For these ca l cu la t i ons ,  the i no rgan ic  oxygen values were estimated by 
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based on the  known ash and p y r i t i c  s u l f u r  contents f o r  each coal. 
i s :  

This formula 

XMM = 1.13 (X ash) + 0.47 (X p y r i t i c  s u l f u r )  Eq. 2 

The mount o f  inorganic oxygen was then est imated using the  equat ion 

XOInorg = 0.5 (% MM) Eq. 3 

This equation has been repor ted  t o  g ive  good inorgan ic  oxygen est imat ions f o r  we l l -  
known coals w i t h  r e l a t i v e l y  low ash contents (10). Thus, organic oxygen l e v e l s  
were obtained by c a l c u l a t i n g  the  d i f f e r e n c e  i n  l e v e l s  o f  t o t a l  and inorgan ic  oxy- 
gen. The mineral  matter content o f  each coal ,  as ca lcu la ted  using the mod i f ied  
Parr formula, was used t o  convert  the  NAA and ASTM values t o  a minera l  m a t t e r - f r e e  
basis. The SEM-WDX data requ i red  no cor rec t ions  f o r  mineral  matter because minera l  
inc lus ions  were avoided dur ing  those analyses. 

I n  view o f  the  a n a l y t i c a l  u n c e r t a i n t i e s  i n  each of the  techniques. the  SEM-WDX 
values agreed favorab ly  w i t h  the values obtained by NAA and ASTM procedures. For 
the P i t tsburgh No. 8 and I l l i n o i s  No. 6 coals, t h e r e  was a s i g n i f i c a n t  lapse i n  
t ime between the SEM-WDX analyses and the determinat ions made by NAA and ASTM pro- 
cedures. The coals were used f requent ly  over th is  t ime per iod  and o f t e n  had been 
i n  contact  w i t h  a i r .  Thus, i t  i s  l i k e l y  t h a t  some o x i d a t i o n  would have occurred 
dur ing t h i s  time and t h a t  the  somewhat elevated SEM-WDX data f o r  these two coa ls  
r e f l e c t  t h i s  ox ida t ion .  

For the  D ie tz  coal, the  SEM-WDX value i s  s i g n i f i c a n t l y  lower than the values 
obtained by the o ther  methods. 
the  Dietz coal  i s  subb i tminous ,  as opposed t o  t h e  bituminous rank ing  o f  t h e  other 
coals.  

Also, although the same coals were used f o r  the  analyses by SEM-WDX. NAA, and 
t h e  ASTM procedure, analyses by SEM-WDX were performed on d i f f e r e n t  sample s p l i t s  
than the ones used f o r  ana lys is  by the other techniques. Coal composition between 
var ious s p l i t s  from standard r i f f l i n g  procedures i s  genera l l y  comparable. b u t  v a r i -  
at ions i n  chemical composition may s t i l l  occur as a r e s u l t  o f  sample inhomogeneity 
and d i f f i c u l t i e s  invo lved w i t h  ob ta in ing  representa t ive  samples o f  coal .  

may r e f l e c t  actual  d i f fe rences  i n  composition i n  a d d i t i o n  t o  poss ib le  e r r o r s  asso- 
c ia ted  w i t h  the a n a l y t i c a l  methods. 
o f  the var ious sample var iab les  than was done in t h i s  p r e l i m i n a r y  study. 

t h e . s t a t i s t i c a 1  analyses employed have been descr ibed p r e v i o u s l y  (6, 7 ) .  These 
analyses enabled estimates f o r  dev ia t ions  f r a n  t h e  sample mean w i t h i n  the  p a r t i c l e s  
( i n t f a - p a r t i c l e  dev ia t ions)  and dev ia t ions  from the sample mean between d i f f e r e n t  
p a r t i c l e s  ( i n t e r - p a r t i c l e  dev ia t ions)  t o  be calculated. 

It i s  i n t e r e s t i n g  t o  note t h a t  f o r  each coal. i n t r a - p a r t i c l e  v a r i a t i o n s  were 
l a r g e r  than i n t e r - p a r t i c l e  var ia t ions .  For the I l l i n o i s  coal, ana lys is  o f  var iance 
gave a negat ive nunber f o r  the  i n t e r - p a r t i c l e  var ia t ion .  
zero i s  reported. Between coals, the  i n t e r - p a r t i c l e  v a r i a t i o n s  were less  consis-  
t e n t  than the i n t r a - p a r t i c l e  v a r i a t i o n s .  This imp l ies  t h a t  some coals may r e q u i r e  
more extensive analyses due t o  a less  uni form d i s t r i b u t i o n  o f  organic oxygen. One 
f a c t o r  which could be important i s  t h e  maceral d i s t r i b u t i o n  f o r  a given coal .  

This may be somehow connected w i t h  the  f a c t  t h a t  

More study i s  needed t o  reso lve  t h i s  discrepancy. 

Thus, discrepancies between a n a l y t i c a l  data obtained by the  var ious  techniques 

Future work w i l l  i nc lude more r i g i d  mon i to r ing  

S t a t i s t i c a l  parameters f o r  the  SEM-WDX data are shown i n  Table 2. D e t a i l s  on 

Therefore, a value o f  
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Table 2. S t a t i s t i c s  f o r  Organic Oxygen Levels Obtained by SEM-WDX. 

I l l i n o i s  No. 6 11.94 0.37 1.43 0. ooe 

P i t t sbu rgh  No. 8 11.55 0.24 0.97 0.45 

Dietz  No. 1 & 2 16.67 0.44 1.40 1.16 
a Values are on a d r y  mineral mat ter  f r e e  basis. 

S- i s  the standard dev ia t i on  i n  the sanple mean. 
St i s  t he  standard dev ia t i on  w i t h i n  p a r t i c l e s .  
Sp i s  the standard dev ia t i on  between p a r t i c l e s .  

e Value o f  zero repor ted since analys is  o f  variance gave a 
negat ive number. 

Since the  organic  oxygen content can vary considerably  between d i f f e r e n t  maceral s 
(5, 11). t h e  maceral composit ion and d i s t r i b u t i o n  could have a l a rge  e f f e c t  on the  
i n t r a -  and i n t e r - p a r t i c l e  va r ia t i ons .  

The SEM-WDX technique may be p a r t i c u l a r l y  usefu l  f o r  determining organic oxy- 
gen i n  chemical ly  cleaned coals, espec ia l l y  s ince ASTM procedures sometimes g ive 
questionable ash r e s u l t s  f o r  such coals (12). thereby throwing a l a rge  e r r o r  i n t o  
t h e  ASTM organic oxygen determination. 

CONCLUSIONS 

Exanination o f  t h e  SEM-WDX r e s u l t s  i nd i ca tes  t h a t  t h i s  technique has good 
Analysis o f  p o t e n t i a l  f o r  the d i r e c t  determinat ion o f  organic oxygen i n  coal. 

i n t e r -  and i n t r a - p a r t i c l e  v a r i a t i o n s  provides usefu l  in format ion on the  d i s t r i b u -  
t i o n  o f  organic  oxygen i n  the  coal .  Because minera l  phases are excluded from the 
analysis, a sample with a representat ive ash content  i s  not nea r l y  as important f o r  
t h i s  procedure as i t  i s  f o r  NAA and ASTM procedures where ash correct ions are nec- 
essary. However, s ince  the SEM-WDX technique i s  sur face-sensi t ive,  e x t r a  care must 
be taken t o  keep t h e  coal from ox id iz ing.  Because o f  t he  nunerous operat ing parm- 
e te rs  invo lved i n  t h e  analyses by SEM-WOX, the procedural d e t a i l s  o f  t h i s  technique 
requ i re  op t im iza t i on .  
and t o  chemical ly  cleaned coals  needs t o  be shown. 

In addi t ion,  a p p l i c a b i l i t y  t o  a broad spectrum of raw coals 
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